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Nevertheless one remark from 1 st review was not understood. Our study duly shows that results from tapping test and metallurgical analysis are coherent. The higher the tapping torque is the more strain hardening is appeared. Effectively it also shows that sulphur percentage on thread surface, analyzed by EDS, cannot be correlated to MFW friction reducing performance. It is understandable because this analysis only characterized chemical composition of tribological film. Then we complete our study with introducing XPS analysis in order to debate on chemical compounds of sulphured layer (sulphide or sulphate). Two new authors have also been added.
I would like to mention that, concerning the form tapping test, it allow discriminating MFW which cannot be by cut tapping.
About "formation torque", it is named like this because is the torque needed for the thread formation. I think if we named it "forming torque", it may be confused with tapping torque in form tapping.
The conclusion was also modified for more details.
I must acknowledge the painstaking efforts of the reviewers for the reviewing the article. I thank them for improving the understanding of the paper. I think the additions and modifications made in the article address all issues raised by the esteemed reviewers.
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Form tapping is a thread forming process used more and more in manufacturing. This process is very interesting and economically beneficial compared to cut tapping because it leads to much longer tool life, improved reliability, and better cleanliness (no chip).
Although form tapping has existed for decades, very few studies have been published on the subject. The interest in this process is growing, due to its importance for the manufacturing industry, particularly in the automotive sector. Thus, new and advanced research on this process is significant.
During form tapping, the thread is formed by displacing of the work material, whereas in cut tapping it is created by chip removal. Therefore, the internally formed thread is characterized by the split crest at its top, as shown later. The thread percentage depends on the hole diameter. A. Agapiou [1] gives an analytical formula for this relationship. The smaller the hole diameter, the higher the thread percentage. Thus, the procedure needs higher torque, and it is necessary to monitor and control the hole making operation in order to avoid tool breakage. Thread formers are mostly sintered high speed steel taps with appropriate treatments and coatings to produce the required and favourable characteristics of toughness and hardness. They are designed with lobes which make them more difficult to grind and they have no flute which makes them less brittle. The complicated geometry of these thread formers has lead to several studies [2] [3] [4] . Also, the work material has to be ductile enough to be thread formed, and most studies deal with non ferrous alloys [1, [5] [6] . Nevertheless, hardened steel can be thread formed [4, [7] [8] . In this case, from the economic point of view, form tapping, due to longer tool life, is much more beneficial than cut tapping. Analytical models for the thread forming process have also been proposed [5] [6] 9] . However, they show a lack of knowledge about friction between the tool and the work material. A thorough understanding of frictional conditions is important in thread forming to achieve a correct use of fluids as lubricants, coolants, or both.
Tapping is a very harsh machining process that is quite sensitive to lubrication or cooling.
Thus, the tapping test has been proposed as a standard test [10, 11] for cutting fluid evaluation and comparison.
This study deals with the influence of lubricants during thread forming on hardened steel.
In order to achieve a clear understanding, several fields of investigation are included :   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   3   lubricant characterization, tapping forces, temperatures measurements and metallurgical aspects, and surface analysis on formed thread.
Characteristics of lubricants
During this study, a total of 9 oils and 2 water-based emulsions from 6 different manufacturers have been tested in form tapping.
These fluids are recommended by their manufacturers as suitable for the tapping process or forming processes. They contain extreme pressure additives mainly based on either sulphur or chlorine. Their viscosities are known. In order to identify all chemical additives, oil is put on a substrate made of aluminium copper alloy and the samples are analysed with a Scanning Electron Microscope (SEM) equipped with a Energy Dispersive Spectrometer (EDS). This method does not enable determination of the content of each element present in different oils, because the intensity of the EDS peak depends mainly on the thickness of the oil film on the substrate. Nevertheless, ranking of the amount of different elements within a lubricant can be analysed and they are quoted in Table 1 The quantities of different elements included in each oil are unknown, and moreover an element such as sulphur may appear in the oil in different molecules [12, 13] . It can be contained in overbased sulfonates (sodium sulfonate and calcium sulfonate), sulphuredester, and/or poly-sulphur. These compositions are only known to the oil manufacturer.
Sulphured or chlorinated additives may react with iron from the worked steel at the contact surface with the tool, and they may then contribute to lubrication.
Concerning the emulsions tested, the concentrates are analysed by the same method.
Two water-based emulsions are investigated, with 5% and 20% oil respectively. The appearance of potassium is explained by the fact that it is a surface active agent facilitating the emulsion of oil in water. 4 The work material used in this study is C70 carbon steel. Its structure is mostly perlitic due to the carbon content value, and its ultimate strength is 900 MPa.
Tapping tests
Experimental procedure
The tapping experiments were performed on a DMC65V Deckel Maho Gildemeister 3 axis vertical machining centre equipped with a spindle controlled both in speed and position.
After drilling, a boring operation is performed to calibrate the hole and to achieve an accurate hole axis straightness. Blind holes are tapped with a semi-rigid holder in order to reduce axial force due to axis synchronisation errors. The thread former is a M12×1.5 6HX tap, made of HSS-E and TiN-coated. Its design is composed of 5 lobes and a short entry taper with 3 pitches. Concerning the tapping conditions, the spindle speed is fixed at 370 rpm in all the tests, which corresponds to a tangential speed of 14 m/min at the nominal diameter. The hole diameter before tapping is equal to 11.31 mm, which leads to a thread percentage of 87%.
New taps, all coming from the same batch and cleaned with acetone, are used for each lubricant, and each is tested several times. All cylindrical samples are machined in rolled bars coming from the same batch, implying that the samples have the same hardness.
The blind hole is filled with the lubricant and the thread former is covered with lubricant before tapping. During tapping, the torque and the thrust force are measured on the tapped sample with a 9273 Kistler piezo-electric dynamometer.
Torque measurement analysis
During the form tapping operation the torque varies until the spindle reverses for different reasons. Fig. 2 shows torque as a function of time, and Fig. 3 shows the tap during working in a sample at different positions. The torque increases from time T 1 to T 2 when the entry taper of the tool penetrates the workpiece. At time T 2 , all the lobes of the entry taper are working the material, and the first thread is completely formed. The value of the torque at this moment is named the Formation Torque. Even beyond T 2 , the torque would continue to increase due to the increasing contact surface between the workpiece and the tool resulting from springback of the deformed material. This is the reason why thread formers are designed with a back clearance angle. The reduction of the tool diameter on the back taper is a few hundredths of a millimeter for a 10 mm length. At time T 3 , the spring back of the deformed material is equal to the back clearance of the tap and consequently the area of the surface contact will not increase beyond T 3 . If the lubricant 
Effect of lubricant on torque
Different tests show that the torque does not always reach and remain at a constant level even though the area of the contact surface between the tool and the workpiece reaches a constant value. (a) The torque may increase monotonically while the tap is working, as shown in the curve for oil no. 9. In this case it may be explained by the oil losing its lubrication due to increased temperature.
(b) The torque increases under the effect of springback of the deformed material, after which the torque decreases somewhat to reach a steady-state at a lower mean torque as seen by the curve with oil no. 1. The oil may need a higher temperature or more time to allow its additives to react, in order to increase its efficiency.
If the torque curve does not reach a steady-state, the Mean Torque is calculated from T = 1.5 s to T 4 , then the Friction Torque is defined in Equation (1).
Friction Torque = Mean Torque -Formation Torque (1) Fig. 4 shows the significance of the lubricant in form tapping. The Mean Torque with the least effective oil, is 53% higher than the Mean Torque with the most effective one, i.e., oil no. 1. Emulsion no. 2 shows a 73% increase compared to oil no. 1. It is seen that an 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 taper, two hypotheses may be proposed. The first is that efficient oil reduces the force on each lobe of the entry taper. The second is that it reduces only forces on the first lobes and not on the last lobes of the entry taper, where stresses would be much higher because of strain-hardening and higher depth of penetration. It would be interesting to determine which properties of a lubricant make it adequate for the form tapping process. A simple comparison can be done between the kinetic viscosity and the Mean Torque during tapping. However, as seen in Fig. 6 there is no correlation between these two measurements. Oil with a viscosity up to 20 mm²/s may lead to a low torque as with oil no. 2, but also to a large torque as shown with oil no. 8. As a result, additives contained in the oil may have a significant effect on the torque during the forming operation.
In order to confirm this conclusion, the manufacturer of oil no. 2 agreed to produce this oil with two other values of viscosity. It means that they are made from different base oils but contain the same additives, as it is recapitulated in Table 2 . The torque measurements in Fig. 7 show that there is no significant difference between these oils. The Mean Torque is the same, only the torque between T 2 and T 3 appears to change a little, which can be explained by the fact that there is an interaction between the base oil and the additives. As a consequence, these tests confirm that the viscosity does not influence the torque during form tapping, and that the additives are the elements responsible for making a successful oil.
Lubrication and temperature
Heat generation and the associated temperature rise in manufacturing processes are significant topics of research. The rise in temperature leads to thermal softening of the work material which would be beneficial in manufacturing operations, but too high a temperature decreases mechanical properties of the tool material, and contributes to its rapid wear by different mechanisms. The lubricant is also affected by the temperature which is necessary to make the chemical reaction of additives contained in the oil possible, but excessive temperatures may cause burning of the oil. Thus, the oil is affected by the elevated temperature, and the reverse has to be considered. The operating temperatures are decreased by an efficient lubricant which would considerably reduce friction between the tool and the work material. This would lead to less energy generated directly by friction, and the stress distribution being changed, the heat created in the deformed zones is also reduced.
The mechanical energy applied to the thread former during tapping is considered to be entirely converted into heat. This energy E is calculated by equation (4), where  is the spindle speed (rad/s). Thus, the higher the tapping torque is, the more heat is created.
However, this reasoning does not allow us to know whether the temperature is locally higher or not.
Since it is not possible to measure directly the temperature of the lubricant at the tool/work material interface, it was decided to measure it with a thermocouple (TC1) 1 mm from the root to the 3 rd thread, i.e., 4.5 mm from the top of the sample. It is not feasible to place it close by the root because it would be inside the deformed zone with the risk of being Heat appears mainly in the deformed zones of the work material and at the tool interface due to friction. Then, the heat is partially transferred to the tool, and another portion is evacuated by the lubricant which is removed out of the tapped sample. However, most of the heat is generated and conducted into the work material. The temperature at the measurement point TC1 is the consequence of different heat fluxes as shown in Fig. 8 with a simplified approach. The first maximum temperature, at time 1 s, is reached due to the heat flux F2 caused by the forming of the nearest thread. Other contributions are flux F1
coming from the upper formed thread and flux F3 which goes to the bottom of the sample where temperatures are lower. The conjunction of these different fluxes explains the second maximum 3 s later. Generally, due to the sample's geometry, the heat is conducted to the bottom of the sample. As a result, the temperature of the oil, which is not removed from the hole by the tool, increases over a long time, as registered by the thermocouple TC2 and shown in Fig. 10 .
The first maximum in temperature, called TC1max on Fig. 9 , may be considered as being a characteristic temperature of the lubrication effect. Results of the temperature measurements are summed up in Fig. 11 . With oil no. 2, which was classified as the second best oil in efficiency (Fig. 5) , has a peak temperature of 111°C. In comparison, emulsion no. 1, which is an inefficient lubricant if the tapping torque is considered, reaches a temperature of 153°C. Thus, the temperature is correlated with the efficiency of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   9 lubricant. The temperature of oil no. 9 is higher than the one of oil no. 8 which is higher than the one of oil no. 2.
The site of the lubricant temperatures TC2 shown in Fig. 10 does not correspond to the workpiece temperature shown in Fig. 9 . The temperature of emulsion no. 1 is lower than those of the three oils, whereas the emulsion leads to more heat generated. This is explained by the fact that emulsions have a higher specific heat than oils.
There is an equilibrium linked to different interactions between temperature, lubricant reaction and torque. Torque creates a thermal energy increase, the temperature allows chemical reactions of additives, and the lubricant reaction reduces the torque, as explained in Fig. 12 . These measurements show that efficient lubricants become active at lower temperatures than poor lubricants.
Investigation of tapped samples
The tested oils have an important effect on torque, and particularly, they may change the Formation Torque. This means that oils may change metallurgical aspects in the formed thread. It has been shown that the additives are involved in the lubrication process. Thus, the addidives must have reacted and the chemical elements which composed them would be traceable on the thread surface.
Metallurgical analysis of the formed thread
With form tapping, the thread is obtained by the displacement of the work material. This plastic flow leads to strain-hardening of the material. The analysis of the photo micrograph of the sample shows different deformed zones such as the flank and the root of the thread.
Hardness measurements were performed in order to observe the influence of the lubricant on the strain within the work material. A chemical nickel coating is used in order to measure the hardness as close as possible to the root. Fig. 13 presents Vickers microhardness measurements from 15 µm to 250 µm of the root for oil no. 2 and emulsion no. 1. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   10 This data shows that the strain-hardening in the thread is higher when using a poor lubricant. This point is correlated with the Mean Torque, i.e., the higher the torque is during tapping, the higher is the strain-hardening. All hardness measurements taken on different samples tapped with the other lubricants confirm this point. Regarding the form of the split crest in Fig. 14, it appears that lubrication influences the formation process. So the level of friction between the thread former and the work material is affected by the lubricant and, as a result, it clearly changes the strain distribution within the deformed material. This would also mean that the strength of the thread depends on the lubricant used during tapping.
This analysis can be supported by examining the strain-hardening resulting from each lobe of the entry taper. If the bottom of the blind tapped hole is observed every 72° (i.e., 360° divided by the 5 lobes of the tool), the thread can be analyzed at different stages of formation. This method was previously explained [7] . Fig. 15 presents the Vickers microhardness at 30 m distance from the root as a function of the number of lobes having worked. The first 10 lobes are in the entry taper, and each one deforms the work material to a harder state than the previous one. The 11 th lobe is the first lobe in the back taper of the tool, and there is no more strain-hardening. The curves drawn concern emulsion no. 1 and oil no. 2 as in Fig. 13 . It appears that for the emulsion the strain-hardening along the thread formation is much higher than for oil no. 2. This confirms the previous results. 
EDS analysis on the thread surfaces
It has been established that the viscosity of the oil does not influence the torque during tapping and as a result additives contained in lubricants may be the main cause affecting the torque. This hypothesis would be confirmed if high pressure additives based on sulphur and chlorine appear at the surface of the threads.
The percentage of sulphur and the appearance of chlorine on the root of the 3 pitches in the middle samples are measured with SEM equipped with EDS. Unfortunately, the SEM used is not calibrated to quantify the percentage of chlorine. The steel used has a higher machinability due to inclusions of manganese sulphide. However, the presence of these sulphides in the work material does not interfere with the measurements on the root of the thread of sulphur coming from the oil. The EDS spectrums show that there is a high peak of sulphur without the appearance of manganese, thus the measurement is not related to manganese sulphide. Concerning the oils no. 8 and no. 9, the rate rises to 1.4%. These measurements are reliable, and the presence of sulphur on the thread seems to be in contradiction with the fact that its use leads to the highest torques. Several hypotheses may be proposed. The chemical reaction time for additives with iron could be too long and the tap travels out when the reaction starts. Another hypothesis is that the sulphides, which are produced by the chemical reaction of the additive, do not reduce friction. The last hypothesis is that the lubricant would be degraded by too high temperature. In the case of oil no. 9 it would be confirmed with the increasing torque after T 3 and moreover, on the last formed thread, 7% sulphur is measured. Thus, in the case of oil no. 9, no correlation is noted between the torque, the created heat and the lubricant reaction. 12 Analysis of sulphur percentage on the thread with its formation is conducted on a tapped sample with oil no. 2. Fig. 17 shows an increasing percentage with the number of lobes having worked. This is correlated with the strain-hardening previously measured. During the deformation of the work material, strain energy is converted into heat and it results in a temperature rise. The strain-hardening during thread formation, resulting from higher strain energy, shows that the temperature is increasingly high on the lobe in the entry taper. This corresponds to the increase from the ambient temperature to the maximum TC1 temperature on Fig. 9 . The increasing temperature causes a more and more efficient chemical reaction, implying that the sulphur percentage on the root of the thread grows. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 ). The surface of tapped threads is widely covered by iron oxides as it was confirmed by the presence of oxides on oxygen spectra. Fig. 18 shows the XPS spectra of sulphur. An important peak of sulphides at 161.3 eV and another one at 168 eV assigned to sulphates are discerned on the surface of thread formed with oil no. 6. On the surface of thread formed with oil no. 2, only one peak close to 168 eV is observed and corresponds to sulphates. Furthermore, there is no other significant peak which could be attributed to another form of sulphur existing on the surface of the thread formed with oil no. 2.
XPS analysis of thread surfaces
Surprisingly, even if metallic sulphides are well known for their anti-seizure properties, it looks like that in fact they are not the best-adapted lubricating reaction product of sulphur 14 for form tapping (oil no. 6 is less efficient than oil no. 2). At first sight, it is possible that any other element contained in oil no. 6 could somehow affect and decrease the overall lubrication efficiency of this blend. Nevertheless, due to the complexity of its formulation, it is hardly possible to determine the exact chemical reactions involving all the components.
This hypothesis however seems to be less probable regarding the similar quantity of sulphur detected on the surface of the thread realized with oil no. 6 in comparison to the specimen obtained with oil no. 2; the reactivity of sulphur in the case of oil no. 6 is rather comparable to the one of oil no. 2.
On the other hand, the presence of sulphates on the surface is often attributed to oxidation of sulphides or other sulphur species [14] . This explanation is probably true for the specimen tapped with oil no. 6. In the case of specimen tapped with oil no. 2, the peak of sulphates is too intense to be only due to oxidation; in the meantime, any other residual sulphur species which could be the source of oxidation is not observed. Additionally, the analysis of Na1s peak (1071 eV) shows the presence of sodium sulphate/sulphonate on the surface that obviously can be assigned to the oxygenated form of sulphur as shown on the sulphur spectra of specimen tapped with oil no. 2.
Form tapping is a severe machining operation but the temperature and the velocity of the sliding matter still remain lower than in the case of any cutting operation. Indeed, it can be supposed that in the case of the sulphur additive enclosed in blend no. 6, its atoms are very mobile and can be easily liberated during form tapping to promote the formation of sulphides (for example polysulfure). Contrary to the previous case, the sulphur additive added to oil no. 2 contains sulphur, which in the range of thermal and mechanical solicitations in form tapping, does not decompose completely and participates to the formation of chemically adsorbed layer of sulphates/sulphonates. In form tapping, the layer formed by oil no. 2 has a better anti-friction behaviour expressed by a lower tapping torque than the layer of sulphides, which is essentially characterized by its capacity of preventing the welding wear.
Conclusions
The present study evaluates the ability of 9 oils and 2 water-based emulsions to reduce friction in form tapping. From this study, important differences are shown to exist between 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   15 these lubricants, and consequently the choice of suitable oils for form tapping is necessary to obtain success with this process.
An efficient oil may reduce not only the friction on the back taper of the thread former, but also the friction force on the entry taper. As a result, the metallurgical aspects of the formed thread are affected, as the profile of the split crest and the work hardening during formation. The efficiency of oil depends mostly on its additives and less on its viscosity, and lubrication mechanism in form tapping of high strength steels is mainly achieved by chemical way. Surface analysis on the threads confirms the reaction of the fluid additives, based on sulphur, with the work material. XPS analysis points out the formation of different sulphured species on the surfaces of the threads formed with two distinct oils; the efficiency of these two lubricants in form tapping seems to be essentially affected by the chemical reactions involving sulphur and probably much less by its quantity (the sulphur percentage detected by EDS on the surfaces formed with both tested oils is quite similar).
In addition, the surfaces of the threads formed with the oils that contributed to the poorest lubrication in form tapping were twice and more abounding in sulphur than those analyzed by XPS. Thus, the key to performance of a given lubricant in form tapping is surely determined by the molecular structure of the sulphur additive and its thermal behaviour.
Furthermore, it would be interesting to qualify other lubrication technologies, such as Minimum Quantity of Lubricant (MQL) or solid lubricant coatings, for form tapping applications in hardened steel . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1 ig. captions Table 2 . Oil characteristics for testing the viscosity effect.
